The genetic code is degenerate, but alternative synonymous codons are generally not used with equal frequency. Since the pioneering work of Grantham's group (1,2) it has been apparent that genes from one species often share similarities in codon frequency; under the "genome hypothesis" (1,2) there is a species-specific pattern to codon usage.
revealed that in each species so far examined there is a single major trend in codon usage among genes, usually from highly biased to more nearly even usage of synonymous codons. Thus, to represent the codon usage pattern of an organism it is not sufficient to sum over all genes (8) , as this conceals the underlying heterogeneity. Rather, it is necessary to describe the trend among genes seen in that species. We illustrate these trends for six species where codon usage has been examined in detail, by presenting the pooled codon usage for the 10% of genes at either end of the major trend (Table 1) .
Closely-related organisms have similar patterns of codon usage, and so the six species in Table I are representative of wider groups. For example, with respect to codon usage, Salmonella typhimurium closely resembles E.coli (9) , while all mammalian species so far examined (principally mouse, rat and cow) largely resemble humans (4, 8) .
CAUSES OF WITHIN-SPECIES DIVERSITY
Biased codon usage may result from a combination of several factors, viz.
biases in the pattern of mutation, (translational) selection among synonymous codons, or selection against particular structures in DNA. Within-species heterogeneity in codon usage has been most clearly elucidated in E.coli; the major trend is from a strong bias towards a particular subset of codons in highly expressed genes to more even codon usage in lowly expressed genes (3, 4, 7) . The heavily favoured codons in highly expressed E.coli genes are those best recognised by the most abundant tRNA species (3, 4) , and it seems clear that selection mediated by the translation process can occur among alternative synonymous codons (10, 11) . In contrast, most of the deviation from equal synonym use in the lowly expressed genes is likely to reflect nonrandom patterns of mutation (7, 12) . Then the pattern of bias in a particular gene reflects a mutation-selection balance at a point determined by the strength of translational selection on that gene (7, 9, 12) . Similar observations have been made for S.cerevisiae (4, 5, 12, 13) . In B.subtilis (14) and S.pombe (15) 
--UGA Trp UGG 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 UGG Arg CGU 4.47 1. (16) and 290 human genes (8) . The sample size for S.pombe is rather small, but the codon frequencies appear to be reliable (15) . Full gene listings are available from the authors.
frequencies in lowly expressed genes from B.subtilis is most strongly indicative of mutational bias (14) . Recently, we have reported evidence of selection among synonymous codons in the multicellular organism D.melanogaster (16) . In contrast, among human genes the major variation is in G+C content associated with the local base composition around the gene (6) . This variation has not been attributed to translational selection, and is most easily explained in terms of variation in mutation biases among chromosomal regions.
CODON BIAS RANKINGS
For E.coli, B.subtilis, S.cerevisiae and S.pombe codon bias in a gene is measured by the Codon Adaptation Index (CAI). A species-specific reference set of very highly expressed genes is used to assess the relative fitness of each synonymous codon, and the CAI for a gene is then calculated as the geometric mean of the fitness values for each codon in that gene. ( 
